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Available online 23 February 2008AbstractWe are able to determine neutral air temperatures by examining the fading times of meteor trail echoes in the upper mesosphere/
lower thermosphere. It has been suggested that solar proton events may stimulate both dynamic and aeronomic changes in the
middle atmosphere and we have endeavoured to investigate this. Despite a variety of approaches to determine the background
temperature above which we might expect to see enhancements under conditions of strong proton precipitation, we are unable
to detect any significant changes. We have repeated the search during selected seasons and also with various proton flux thresholds,
similarly to no avail. We conclude, therefore, that at 90 km altitude, 78N and 16E, at least, we are unable to detect enhanced
neutral temperatures due to solar proton events. At best, any enhancements, predicted to be of the order of a few K only, are likely
to be completely masked by the day-to-day variability of the temperature field.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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In a recent study, Jackman et al. (2007) have
employed both modelling and observations to estimate
the effects of solar proton precipitation events (SPEs)
on the dynamics of the mesosphere. The earth’s mag-
netic field screens low and middle latitudes from solar
protons and virtually all precipitation is into the polar
cap regions; Jackman et al. (2007) took the events in
OctobereNovember 2003 as a case study, but the results
are general to SPEs: they predict that during SPEs the
mesosphere in regions poleward of approximately* Corresponding author.
E-mail address: chris.hall@tgo.uit.no (C.M. Hall).
1873-9652/$ - see front matter  2008 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2008.01.00260 latitude is perturbed in a variety of ways, and
with the largest perturbations at the summer polar
region. The Nippon/Norway Svalbard Meteor Radar
(NSMR) is situated at 78N, 16E on Spitsbergen and
has been operating since Spring 2001 and is thus partic-
ularly well suited to investigating the effects predicted
by Jackman et al. (2007). The NSMR operates at
31 MHz resulting in a preferred height of 90 km for
meteor trail echoes, and virtually all echoes are seen
within a zenith angle of 70. The system provides vector
horizontal winds and ambipolar diffusion coefficients
averaged over the field of view with a nominal time
resolution of 30 min and range resolution of 1 km.
Values are truly independent at resolutions of 60 min
and 2 km values due to use of a weighting function inreserved.
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Fig. 1. Temperatures obtained from NSMR (78N, 16E) at 90 km
altitude.
10 C.M. Hall et al. / Polar Science 2 (2008) 9e14the analysis procedure. However, at a zenith angle of
70 (for example) the uncertainty in altitude amounts
to about w8.6 km for a range resolution of 2 km and
an angular resolution of the interferometer of 2. The
expected temperature effect could be smeared out if
chemical cooling dominates compared with Joule
heating as shown by the modelling results of Jackman
et al. (2007); on the other hand, the majority of echoes
arrive from smaller zenith angles and SPE effects are
expected to span several kilometers.
The methods of determination of neutral tempera-
tures in the upper mesosphere using ambipolar diffusion
coefficients obtained from meteor radar data have been
discussed in-depth by Holdsworth et al. (2006) and
here their philosophy is applied to data from the
NSMR. Temperatures at 90 km have been derived
from this instrument earlier (Hall et al., 2006), and the
very same method is used for this study. The reader is
referred to Chilson et al. (1996), Holdsworth et al.
(2006), McKinley (1961) and McDaniel and Mason
(1973) for in-depth explanations of the theories of
meteor trail expansion and its relation to temperature,
and also the techniques of selecting meteor echoes and
determining their fading times. Given the assumptions
inherent in the observational technique, Hall et al.
(2006) calibrated the meteor radar results against inde-
pendent optical observations. Even so, we cannot rule
out that systematic errors may remain; however, for
this study, the absolute values of temperature we obtain
are of little importance since we seek only relative
changes in temperature during the specific periods
containing SPEs. Fig. 1 shows the available time series
of day-average temperatures; although it is possible to
derive values for other heights in the vicinity, we have109
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Fig. 2. Fluxes of >10 MeV protons (units of protons cm2 day1 sr1) cor
USA National Geophysical Data Center).chosen to concentrate only on results from 90 km
because it is here that most meteor echoes occur (i.e. giv-
ing best statistics) and is near the hydroxyl layer peak,
hydroxyl rotational temperatures, together with potas-
sium lidar backscatter being used to calibrate the radar
results as explained by Hall et al. (2006). We see, in
the figure, the clear seasonal variation with minima
during summer corresponding to the cold mesopause
and, in winter, much larger temperatures and variability
and we also see secondary, relatively shallow minima at
mid-winter. These climatological features, however,
while interesting, are not the subject of this study.
Next, we have obtained solar proton fluxes for the
period 2001e2006 inclusive and fluxes of >10 MeV
protons (units of protons cm2 day1 sr1) are illus-
trated in Fig. 2 (courtesy of the USA National
Geophysical Data Center) e the reader should concen-
trate on the spikes rather than the slowly varying quiet4 2005 2006 2007
responding to time span of temperature observations (courtesy of the
11C.M. Hall et al. / Polar Science 2 (2008) 9e14levels, the former being indications of solar proton
events. In what follows, we have regarded all fluxes
greater than 105 protons cm2 day1 sr1 as SPEs
although we have actually performed analyses for
various flux and energy thresholds.
First, subsets of the temperature data set have been
extracted for days on which proton flux exceeded the
threshold value and also for days on which it did not.
Using the latter (low proton flux) subset, we have then
interpolated over the missing (or rather high proton
flux) days and have obtained a mean ‘‘background’’300
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Fig. 3. Selected days illustrating the method of identifying possible departu
by high proton flux. The black diamonds indicate temperatures on days chara
the result of linear interpolation to the days on which fluxes exceeded the th
proton flux exceeded the threshold.temperature. Although not presented here, several
methods of determining this background temperature
were experimented with, including smoothing and
spline interpolation, and fitting to tidal modes. The
differences, if any, between temperatures on high pro-
ton flux days and the corresponding day’s background
temperature were then obtained. We show a selection
of events in detail in Fig. 3: the black diamonds
indicate temperatures on days characterized by proton
fluxes less than the threshold; blue diamonds show the
result of linear interpolation between temperatures onT
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res of temperature from a background level during days characterized
cterized by proton fluxes less than the threshold; blue diamonds show
reshold; red stars show the measured temperatures for days when the
12 C.M. Hall et al. / Polar Science 2 (2008) 9e14days exhibiting proton fluxes less than the threshold to
the days on which fluxes exceeded the threshold; red
stars show the measured temperatures for days when
the proton flux exceeded the threshold. We can see,
initially, that temperatures on disturbed days were
on occasion below the background (according to our
definitions of both ‘‘disturbed’’ and ‘‘background’’),
but perhaps slightly more often, above it. The top
left panel shows the period used as a case study by
Jackman et al. (2007). The October and November
2003 events were also studied by Sutton et al.
(2006) who reported associated density enhancements
above 400 km altitude. Although there is an indication
in the first panel of Fig. 3 that 90 km temperatures
may be enhanced, we shall take a statistical approach
using all our available data. Taking the entire time
series, then, we arrive at Fig. 4 in which the solid
line indicates the temperatures smoothed by a 30
day boxcar; the black dots show the original temper-
atures, the red stars show perturbed days and blue
diamonds show the background level.
2. Interpretation
As we could see from the previous figures, it is not
obvious that enhanced temperatures are at all associ-
ated with proton flux enhancements. In Fig. 5, proton
fluxes for energies> 10 MeV are plotted against
departures of temperatures on days of high proton
fluxes from the background levels we have obtained.
Each point in the plot corresponds to a red star in
preceding plots. The spread in points is considerable
and almost evenly distributed about zero temperature250
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Fig. 4. The complete data set from which Fig. 3 shows excerpts. The solid l
dots show the original temperatures, the red stars show perturbed days and
described in the text.deviation as confirmed by the median line included
in the plot. In order to place these results in a frame-
work of more formal statistics, we have gathered the
points in Fig. 5 in 2K wide bins. The resulting histo-
gram is shown in Fig. 6, together with a fitted Gaussian
(i.e. normal distribution), mean of the distribution and
median as before. One does not need to quote the
standard deviation to see that both mean and median
are not significantly non-zero. As mentioned earlier,
we have performed this analysis for different proton
flux thresholds and energies, temperature background
determinations and also for different bin sizes, and
however hard we try we cannot obtain a statistically
significant departure of temperature above (or below,
for that matter) the background. In order to fully
exploit the findings of Jackman et al. (2007), we
have then separated out data from summer and winter
days (Figs. 7 and 8, respectively). Again although
summer¼ {May, June, July} and winter¼ {November,
December, January} are shown here, other definitions
have been tried, but never resulting in any significant
non-zero result. Based on Jackman et al. (2007), any
temperature enhancement due to an SPE would be
expected to manifest itself in Fig. 7. While we in fact
see a summer mean value of þ2.5K (and median of
4K), the standard deviation is w10K. In winter the
values are less, w2K for both mean and median, but
with a standard deviation of w15K.
3. Summary
We have searched for enhancements in neutral tem-
perature at 90 km altitude and at 78N, 16E caused04 2005 2006 2007
ine indicates the temperatures smoothed by a 30 day boxcar; the black
blue diamonds show the background level obtained by the method
–60
4
3
2
1
0
–40 –20 0 20 6040
temperature anomaly bin (K) (summer)
f
r
e
q
u
e
n
c
y
 
/
 
1
K
 
b
i
n
Fig. 7. As for Fig. 6, but for May, June and July temperatures only.
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Fig. 5. Proton flux (energies> 10 MeV) as a function of departure of
daily temperature (red stars in preceding figures) from background
level (blue diamonds in previous figures). Yellow line indicates the
median value.
13C.M. Hall et al. / Polar Science 2 (2008) 9e14by solar proton events (SPEs). A number of different
criteria for identifying SPEs have been tried combined
with different methods of employing temperature
results, but with the conclusion, that at 90 km altitude,
78N and 16E, at least, we are unable to detect any
enhancement of neutral temperatures due to solar
proton events. It should be stressed that the findings
do not disprove those of Jackman et al. (2007)
because we consider only a very specific geographical
region and altitude. However, we see that variability–60 –40 –20 0 20 40 60
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Fig. 6. Histogram (black line) of differences between temperature
during days of enhanced proton flux and background level. The bin
size is 2K. The fitted Gaussian is shown in red together with mean
(red dotted line) and median (yellow line).in temperatures, resulting, for example from gravity
and planetary waves can easily mask proton-heating
induced changes of the order of a few K. Furthermore,
we have not attempted to differentiate between night
and day-time data; this is on the basis that protons
impinge into the polar cap region at all times of the
day e it is only through nitric oxide chemistry that
widespread ionisation occurs during daylight
(Hargreaves and Birch, 2005). Studies similar to this
and employing temperature data from other instru-
ments, latitudes and altitudes, but at the same time
able to present results including statistical significance
will be needed to investigate the phenomenon further.–60 –40 –20 0 20 40 60
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Fig. 8. As for Fig. 6, but for November, December and January
temperatures only.
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